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Introduction 

A considerable body of information about the Electron Spin 
Rtsonance (ESR) properties of petroleum asphaltenes has developed dur- 
ing the past few years. 
measurements are Ng, the number of unpaired spins per gram O f  material; 
[ A I ,  the electron-nuclear spin coupling constant; and g, the effective 
Land: g-Factor for the unpaired electron spins. 
already known, and the addition of new data may both clarify the 
present state of understanding of asphaltene ESR and stimulate 
further research in this area. 
here may be divided into two parts: 
radical ahsorption, and (2) measurements of the ESR absorptions dlle 
to natiiral l y  occurring vanadiiim and synthetlc vanadillm chelates 

Among the basic parameters obtained by ESR 

(A review o f  what is 

The ESR studies briefly considered 
( 1 )  measurements of the free 

Nature of  Free Radical 

The asphaltic fraction of petroleum has been found to 
yield a single ESR resonance near a g-value of 2.00('J2J5). 
most asphaltics the line shape is between Lorentzian and Gaussian. 
The inhomogeneous broadening characteristics indicate that, in addition 
to dipolar interactions, the magnetic electron interacts with hydrogen 
or  other nuclei to produce multiplet line structures. The apparent 
absence of flne structures in the radical absorption appears to be 
the result of a superposition of many such multiplets. The g-values of 
most asphaltics fall in the narrow range of 2.0027-2.0036. The dif- 
ferences between measured g-values and the g-value of a free electron 
(ge), Ig - gel, are shown in Fig. 1 for s i x  native asphaltenes and a 
variety of other types of free radicals. It may be deduced that the 
unpaired spins in asphaltene do not appear to belong to the semiquinone 
or the radical ion families. However, they are close to neutral 
radicals, in contrast t o  the radicals in coals and L-forms of carbons 
which are semiquinonee(1). 

For 

i 

, 
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Intensity measurements are usually troublesome, but when 
properly done with suitable modulation amplitude and correct power 
levels (not causing saturation), the s p i n  concentration, Ngr can be 
used as a basis for differentiating or classifying different asphaltic 
samples. 
different sources: 
5 hrnt-treated a~phaltenes(~), 3 carbenes, 4 cokes and one lithium- 
reduced asphaltene. 
for these materials is apparently linearly related to log Ng. 
data indicate that the free radical sites of these materials are associated 
with the aromatic moities of the a phaltic skeleton. Present findings 
confirm the previous observatinn(l! t a different families o f  carbonaceous 
substances, e.g., asphaltenes, resins?6!, coals, and carbono, show a 
characteristic slope and intercept when their fa values are plotted 
against Ioe. Ng. 

Figure 2 displays the Ng data for 11 native asphaltenes from 
2 native gilsnnite asphaltenes, 3 refinery asphaltenea, 

Aromaticity, fa, 413 obtained f r o m  x-ray analyrls(5) 
These 

No effects on Ng were observed due to the action of light, 
oxygen or solve r ; however, these factors do affect the spin-lattice 
relaxation timeY77. The free radical specie f asphaltics are stable, 
in contrast to coal hydrogenation asphaltenet87. 
that the color intensity of asphaltics, i.e., the integrated intensity 
obtained by absorption spectrometry over the 600-800 q region also in- 
creases with the ESR intensity (Fig. 3). These data indicate that the 
free radical is stabilized by the resonance of the delocalized n-system 
in the asphaltic structure. 

Vanadium Unpaired Spin 

Further, it was found(1) 

Most asphaltics contain vanadium in concentrations ranging 
from 6000 to less than 1 ppm. Common valence states of vanadium are 
+2, +3, +4, and +5. The +5 state is diamagnetic. The 13 state, al- 
though paramagnetic, is usually not observable by ESR due to internal 
electric field effects. Both the +2 and the +4 states can, however, 
be detected at room temperature. 
Vt2 is unstable and easily oxidized. The +4 state requires a non-cubic 
field for ESR observabil't and this is fulfilled by the oxovanadium 
(IV) VO+2 type complexest9~[ The vanadium 51 nucleus (-1oO$ abundance) 
has a nuclear spin 7 / 2 ,  and so a magnetic electron coupled to it can 
exhibit an absorption spectrum of either 8 symetric lines (isotropic 
case), or 8 unsymmetric lines (anisotropic case: 
perpendicular features in the first derivatlve of the spectrum). 

In contrast to oxovanadium (IV), 

8 parallel and 8 

For native asphaltenes in general a 16-feature anisotropic 
spectrum has been observed for this dl system in either solid form 
or in solution in non-polar organic solvents (Fig. 4). Assignment of 
the absorption lines is in general agreement with the assignment for 
the axial synunetry case as described previously by O'Reilly(10). 

The format liphs, and with multi-amplitude recordings (F ig .  5 ) .  The line 
positions of the vanadium resonance.for nine different asphaltenes 
have recently been measured and are shown in  Pig. 6. When compared 
with a eample of vanadyl etioporphyrin I ,  whoee line poeitions are also 

ositions have been carefully examined in a second derivative 
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siwwn i n  Fig. 6, a number o f  a d d i t i o n a l  l i n e s  are observed f o r  t he  
a spha l t enes .  Whether t h e  a d d i x i o n a l  l i n e s  r e p r e s e n t  o t h e r  paramagnetic 
s p e c i e s  OK o t h e r  s t r u c t u r a l  environments f o r  t h e  vanadium i n  t h e  a s p h a l t e n e  
samples i s  s t i l l  unknown. However, such  a d i f f e r e n c e  is u s e f u l  i n  
q u a l i t a t i v e l y  d i f f e r e n t i a t i n g  a s p h a l t e n e s  from d i f f e r e n t  sou rces .  

Another e m p i r i c a l  c r i t e r i o n  f o r  d i f f e r e n t i a t i n g  among a s p h a l -  
t e n e s  i s  obta ined  by measuring t h e  spac ings  of t h e  g , , f ea tu re s :  
211 - 11, and 811 - 7,,. T e n t a t i v e l y ,  two parameters  can be de r ived  
(Table  I ) ;  one i s  t h e  A l l  v a l u e  which i s  t h e  ave rage  spac ing  o f  t h e  
p a r a l l e l  f e a t u r e s ,  and  the  o t h e r  i s  t h e  d i f f e r e n c e  o f  t h e  spac ings ,  
A, r e p r e s e n t i n g  a second-order  e f f e c t  a r i s i n g  because of t h e  dependence 
of t h e  spectrum on t h e  s t r e n g t h  o f  t h e  e x t e r n a l  magnet ic  f i e l d .  The 
r e a l  meaning o f  t h e  l a t t e r  q u a n t i t y  has  no t  y e t  been f u l l y  explored ,  
bu t  it is thought  to  r e p r e s e n t  d e v i a t i o n s  from a x i a l  symmetry. It 
appea r s  t h a t  a11 a s p h a l t e n e s  s t u d i e d  h e r e  have a x i a l  symmetry except  
i o r  t h e  samples from Bachaquero (CY) ,  B a x t e r v i l l e  (GS), and Wafra A-1. 
Since  both  t h e  A,, and A v a l u e s  of Bachaquero (CY) a s p h a l t e n e  d i f f e r  
Lrom t hose  o f  Wafra A-1 a s p h a l t e n e ,  i t  might be expec ted  t h a t  t h e r e  would 
be  a s t r u c t u r a l  d i f f e r e n c e  between t h e  two a s p h a l t e n e s .  Analys is  of t h e  
a n i s o t r o p i c  spec t rum o f  t h e  a s p h l t e n e s  t o  y i e l d  complete v a l u e s  of 81, 
g , ,  and AL , A,, i s  h inde red  by ove r l app ing  l i n e  s t r u c t u r e s  and t h e  
d i f f i c u l t y  of c o n v e r t i n g  t h e  spec t rum i n t o  an i s o t r o p i c  one: 

Conversion o f  an a n i s s t r o p i c  spectrum ("bound") o f  t h e  vanadium , 

i n  a spha l t ene  i n t o  a n  i s o t r o p i c  spec t rum (" f ree")  can be e f f e c t e d  by 
d i s s o l v i n g  t h e  a s p h a l t e n e s  i n  a p o l a r  s o l v e n t  such a s  benzyl n-butyl e t h e r  
t e t r a h y d r o f u r a n  o r  d iphenylmethane  and h e a t i n g  a t  an e l e v a t e d  t empera tu re ( i2 ) .  
Such a convers ion  i s  r e v e r s i b l e .  From t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  
i s o t r o p i c  and a n i s o t r o p i c  s p e c t r a  t aken  a t  d i f f e r e n t  tempera tures ,  t h e  
d i s a s s o c i a t i o n  energy  can b e  ob ta ined .  For a g i v e n  a s p h a l t e n e ,  i d e n t i c a l  
energy  va lues  have been  observed  r e g a r d l e s s  o f  t h e  s o l v e n t  system. 
energy  va lues  o f  t h r e e  a s p h a l t e n e s  a r e  g i v e n  i n  Tab le  11. 
sugges t  t h a t  t h e  observed  "bound" vanadium is a s s o c i a t e d  wi th  t h e  asphal -  
t e n e  molecule ,probably  with t h e  a romat i c  p o r t i o n .  The f a c t  t h a t  t h i s  
"a s soc ia t ed"  or "bound" t y p e  o f  vanadium becomes d i s a s s o c i a t e d  i s  f u r t h e r  
suppor t ed  by d i l u t i o n  s t u d i e s  i n  a g iven  s o l v e n t  system. In d i l u t e  
s o l u t i o n s  (-0.4 W t .  $) a n e a r l y  i s o t r o p i c  " f r ee"  t y p e  of spectrum w a s  

The 
These r e s u l t s  

observed .  I n  s o l v e n t s  w i t h  d i f f e r i n g  b a s i c i t i e s  t h e  vanadium-containing 
a s p h a l t e n e  u s u a l l y  shows some i n d i c a t i o n s ,  though small, of t h e  i s o t r o p i c  
vanadium ESR a b s o r p t i o n s  even a t  room tempera ture .  
ness of s o l v e n t s  f o r  producing  t h e  " f r ee"  vanadium s p e c i e s  may be ranked 
as fo l lows:  d iphenylmethane  < benzyl  n - b u t y l e t h e r  < 1-e thy lnapb tha lene  
< benzene < n i t r o b e n z e n e  < p y r i d i n e  < t e t r a h y d r o f u r a n .  

The r e l a t i v e  e f f e c t i v e -  

N i t rogen  Supe rhype r f ine  S p l i t t i n g s  ( s . h . f . 1  

The l i t e r a t u r e  i n d i c a t e s  no n i t r o g e n  s . h . f .  f o r  t h e  oxovanadium 
( I V )  i n  a q u a d r i d e n t a t e  n i t r o g e n  l i g a n d  except  f o r  t h e  c a s e  of  vanadyl 
t e t f y j y e n y l p o r p h i n  i n  ch lo ro fo rm or ca rbon  d i s u l f i d e  "glass" r e p o r t e d  by 
Lee . We have been a b l e  to obse rve  n i t r o g e n  8 .h . f .  f o r  vanadyl 
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;~ ; i t i l a iocyanine  doped a t  a c o n c e n t r a t i o n  of 2000 ppm i n t o  e i t h e r  a con- 
( i L i i i s a L 1 m  polymer o f  a n t h r a c e n e  o r  o f  phenanthrene,  o r  a g i1 , soni tc  
~ i s ; ~ i i a I c c n c  ( n a t u r a l  vanadium c o n t e n t  < 1 ppm). F igure  7 shows t h e  9- 
1 Lnc pat- tcrn of  n i t r o g e n  s . h .  f .  s t r u c t u r e s  superimposed on t h e  vanadium 
Xc. itL l i n e  f o r  vanadyl  ph tha locyanine  doped i n t o  a polymer made from 
. ~ n i  i i r . i ~ ~ e r i c  niid formaldchydc. . For lour c q u i v o l c n t  n i t r o g e n  n u c l e i  t h e  
i - c l a t i v c  i n c c n s i t i e s  of  t h e  n i n e  l i n e s  a r e  expec ted  t o  be 1, 4, 10, 16, 
1:'. 16, 10, I + ,  1. The i n t e n s i t y  d i s t r i b u t i o n  p a t t e r n s  o f  t h e  n i t r o g e n  
l i n e s  ior vanadyl p h t h a l s c y a n i n e  e i t h e r  i n  an thracene  polymer o r  i n  t h e  
: ; i l soni te  a s p h a l t e n e  drop  o f f  r a p i d l y  f o r  t h e  o u t e r  n i t r o g e n  l i n e s ,  b u t  
i n  ::enera1 r e t a i n  t h e  b e l l  shape.  However, when 2OCO ppm vanadium i n  t h e  
f o r m  o f  vanadyl e t i o p o r p h y r i n  I was doped i n t o  g i l s o n i t e  a s p h a l t e n e  
o r  an  a romat ic  medium such as p e r y l e n e ,  t h e r e  were no n i t r o g e n  s . h . f .  
s t r u c t u r c s  observed.  On t h e  o t h e r  hand, t h e r e  i s  i n d i c a t i o n  t h a t  t h e r e  
m y  bc n i t r o g e n  s p l i t t i n g s  i n  t h e  p e t r o p o r p h y r i n s  (vanadium) o f  n a t i v e  asphal tene .  
Tlic r e ? e a t e d  s c a n  o f  t h e  No. 2 r e g i o n  i n  a second d e r i v a t i v e  format 
f o r  aaciiaquero (W> a s p h a l t e n e  is given  i n  F ig .  8. I n  a d d i t i o n  t o  t h e  
i i n i .  siiown, f i n e  s t r u c t u r e  s u g g e s t i v e  o f  n i t r o g e n  l i n e s  appears  i n  t h e  
over lapping  reg ion  of  t h e  Nos. 1 1 ~  and 4,, T y p i c a l  p o o r l y  re- 
so lved  n i t r o g e n  l i n e s  superimposed on a vanadium l i n e  are i l l u s t r a t e d  
i n  Pi;. 9. The coupl ing  c o n s t a n t  observed f o r  bo th  t h e  vanadyl  p h t h a l o -  
cyanine and  p e t r o p o r p h y r i n  (vanadium) i s  AT = 2.6 G. 
t h e  n i t r o g e n  s p l i t t i n g  observed f o r  the  vanadyl  t e t r a p h e n y l p o r p h i n  i n  chloroform 
o r  carbon d i s u l f i d e ,  A: 
and Caughey(l4)  a t t r i b u t e  t h e  appearance  of t h e  n i t r o g e n  s . h . f .  t o  a 
c o n f i g u r a t i o n  i n t e r a c t i o n  r a t h e r  t h a n  to c o v a l e n t  bonding. A t  p r e s e n t  
i t  seems t h a t  t h e  added a r o m a t i c i t y  i n  t h e  macrocycle  does p o s s i b l y  
b r i n g  out  t h e  n i t r o g e n  s . h . f .  It may be  t h a t  t h e  n - e l e c t r o n  system 
provides  e x c i t a t i o n  f o r  c o n f i g u r a t i o n  i n t e r a c t i o n .  The s l i g h t  n i t r o g e n  
s . n . f .  found i n  a s p h a l t e n e  may i n d i c a t e  t h a t  t h e r e  a r e  minor c o n s t i t u e n t s  
o f  t h e  macrocycles  i n  t h e  form o f  b e n z - s u b s t i t u t e d  porphins .  Such 
s t r u c t u r e s  have been demonstrated by mass spec t romet ry  t o  be p r e s e n t  
i n  a s p h a l t e n e s ,  e.  g . ,  t h e  proposed p ,p-benzoporphin( l5) .  

Xodels f o r  Non-porphyrin Vanadium 

* 

L. 

f e a t u r e s .  

T h i s  v a l u e  a g r e e s  w i t h  

2 2 .9  G . ,  A: 'v 2.8 G . ( ' 3 ) .  Rober ts ,  Koski 

"Xon-porphyrin" i s  used h e r e  t o  i n d i c a t e  any q u a d r i d e n t a t e  
nncrocycle  which does not  belong t o  t h e  a l k y l -  o r  cyc loa lkano-porphins  
( E t i o  and DPEP s e r i e s ) ,  e . g . ,  t h e  rhodoporphyr in( l5 ,16) ,  mixed q u a t e r e n e s ,  
C L C .  Two c l a s s e s  o f  non-porphyrin vanadium were s y n t h e s i z e d  and 

mcso-aromatic r i n g - s u b s t i t u t e d  porphins .  T h i s  s e r i e s  c o n s i s t s  of  
vanadyl  complexes of  t e t r a p h e n y l p o r p h y r i n  (TPP), t e t r a - 1 - n a p h t h y l p o r p h i n  
( T ~ N P ) ,  and t e t r a - 4 - b i p h e n y l p o r p h i n  (T4BP). The a n i s o t r o p i c  s c a n s  o f  
t n e  vanadyl  d e r i v a t i v e  of TlNP and T4BP a r e  s i m i l a r  t o  t h a t  of  vanadyl  
TPP. Each of t h e s e  compounds i s  a 4 n i t r o g e n  l i g a n d  system. 

c i i a r a c t e r i z e d  by ESR. The f i r s t  class is vanadyl  complexes o f  t h e  / 
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The second c l a s s  is t h e  vanadyl  complexes of p-ke to imines ,  . 
i . e . ,  q u a d r i d e n t a t e  having  2 n i t r o g e n  and 2 oxygen donor atoms. 
s e r i e s  c o n s i s t s  of vanadyl  complexes of  bisacetylacetone-ethylenediimine 
(Acen), bisacetylacetonepropylenediimine (Acpn), b i sbenzoylace tone-  
c t h y l e n e d i i m i n e  (Bzen) and bisbenzoylacetoncpropylenediimine (Bzpn). 
Tile g - v a l u e s  and vanadium n u c l e a r  coupl ing  c o n s t a n t s  f o r  some o f - t h e  
non-porphyrin vanadium model compounds a r e  t a b u l a t e d  i n  T a b l e  111. 
O n e  o f  t h e  q u a l i t a t i v e  f e a t u r e s  o f  t h e  vanadium s p e c t r a  o f  ,B-ketoimines '  
i s  t h a t  t h e  Kos. 4 1  and 4,r l i n e s  are r e s o l v e d  i n  c o n t r a s t  t o  t h e  
case  of e t i o p o r p h y r i n  I. 

This  

A p l o t  of  vs .  go ( t h e  i s o t r o p i c  coupl ing  c o n s t a n t  and g -  
v a l u e  r e s p e c t i v e l y )  f o r  a v a r i e t y  o f  vanadyl  s q u a r e - p l a n a r  complexes, 
both p o r p h y r i n  and non-porphyr in ,  i s  u s e f u l  t o  c h a r a c t e r i z e  the  p a r t i c u l a r  
t y p e s  o f  l i g a n d s  (F ig .  10). Samples a t  t h e  upper  l e f t  are t h o s e  con- 
t a i n i n g  l i g a n d s  which d e l o c a l i z e  t h e  unpai red  vanadium s p i n s ,  and t h e s e  
are  c h a r a c t e r i z e d  by low A, v a l u e  and a go v a l u e  approaching t h a t  o f  t h e  
f r e e  e l e c t r o n ,  ge = 2.0023.  Samples a t  t h e  lower r i g h t  c o r n e r  u s u a l l y  
have l i g a n d s  of  a d  e l e c t r o n e g a t i v e  n a t u r e ,  and t h e s e  are c h a r a c t e r i z e d  
by h i g h  A. v a l u e s  and low go v a l u e s .  
s u l t i n g  t h r e e  groups of vanadyl  complexes a r e  shown from l e f t  t o  r i g h t  
a s :  
and t h e  1 oxygen t y p e  ( a c e t y l a c e t o n a t e s ) .  It can be  p r e d i c t e d  t h a t  t h e  
J n i t r o g e n ,  1 oxygen type  and t h e  1 n i t r o g e n ,  3 oxygen type  l i g a n d s  w i l l  
a l s o  f a l l  i n t o  the n e a r l y  s t r a i g h t  l i n e  r e l a t i o n s h i p .  The d a t a  f o r  a s -  
p h a l t e n e s  (Bachaquero, VX; Boscan, VY) i n c l u d e d  i n  t h e  p l o t  were o b t a i n e d  
from a p o l a r  s o l u t i o n  a t  e l e v a t e d  tempera tures .  'The r e l a t i v e  l o c a t i o n  , 

of  t h e s e  two p o i n t s  f a l l s  i n  t h e  r e g i o n  t y p i c a l  o f  t h e  4 n i t r o g e n  donor 
system. It is hoped t h a t  by u s i n g  t h i s  p l o t  non-porphyrin t y p e s  of  
vanadium c h e l a t e s  c o n t a i n e d  i n  a s p h a l t e n e s  may be  r e a d i l y  i d e n t i f i e d .  

The average  v a l u e s  from t h e  re- 

4 n i t r o g e n  type  ( p o r p h i n s ) ,  2 n i t r o g e n ,  2 -  oxygen t y p e  (p-ke to imines) ,  
' 
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.TABLE I 

Empir ica l  Parameters  from Ani so t rop ic  Spec t r a  

Pe t rnporphyr in  Sample 

Iioscan (sR)", Venezuela 
Lioscan (w)*, Venezuela 
Z a s t e r v i l l e ,  X i s s i s s i p p i  
Yapa r i t 0, Venezuela 
B a c haq ue r o (CY )**, Venezue 1 a 
h'aira A - 1 ,  N e u t r a l  Zone 
Waira 17, N e u t r a l  Zone 
B a c ii aq ucr o 
>:ara, Venezuela 

vo E t i o  I ( c a s t o r  o i l )  
VO E t i o  I ( i n  g i l s o n i t e )  
VO E t i o  I ( t o l u e n e )  
VO Acac (in g i l s o n i t e )  
VO Acen (THF) 
VO Bzpn (THF) 
VO Bzpn ( t o l u e n e )  

(VX )**, Vene z ue la 

A ' o  

4.6 
4.0 

-2 .6  
3.6 
0 

12 

, 

5 . 1  
2.1 
4.6 

11 
6.7 
9.3 
0.5 

14 
a. a 
8.3 

* Boscan (SR) c o l l e c t e d  i n  1959; Boscan (VY) c o l l e c t e d  i n  1962 upper 
and lower Boscan sand. 

** Bachaquero (CY), Maracaibo; Bachaquero (VX), Well Largo. 
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TABLE I1 

Activation Energy of Association 
for Vanadium in Asphaltenes 

I /  

V Content Dissociation Energy 
Asphnltene 0 (kcal) 

Baciiaqucro (VX) 2700 14.3 

Gilsonite (CB) doped* 2700 10.4 
"uscan (VY) 4700 10.0 

* with vanadyl etioporphyrin I. 

TABLE I11 

Vanadium Nuclear Hyperfine Splittings and g-Values 
b for Non-porphyrin Model Compounds 

\\ 

Acen 101.7 1.974 182.5 61.3 1.957 1.982 

Bzen 102.4 1.975 183.3 62.0 1.952 1.986 
Bzpn 103.4 1.975 182.5 63.9 J.953 1.9% 

Acpn 102.5 1.974 183.8 60.4 1.945 1.999 

I 

* in THP. 
)HC in Gauss. 

i . 

I 
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FIGURE - :  I n t c u r a r e d  i'~sib1e S p e c r r a l  Ahrorprivlry vs. ESR Free Radical Absorption Intensity. 

3106 1209 3 

. . . -- . -. ... . , ... . - 

FIGURE &: Vanadium Anirorropic Spectra of a Bachaquero (VX) Asphaltene 
, (Upper, F i r s t  Derivative Format;'Lover, Second Derivative Format). 
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f FIGURE 5: Central Portion of an Anisotropic Vanadium Spectrum from a Multi-ampllcude Recording 
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